LiDAR remote sensing has been shown to be a good technique for the estimation of forest parameters such as canopy heights and aboveground biomass. Whilst airborne LiDAR data are in general very dense but only available over small areas due to the cost of their acquisition, spaceborne LiDAR data acquired from the Geoscience Laser Altimeter System (GLAS) have a coarser acquisition density associated with a global cover. It is therefore valuable to analyze the integration relevance of canopy heights estimated from LiDAR sensors with ancillary data such as geological, meteorological, and phenological variables in order to propose a forest canopy height map with good precision and high spatial resolution. In this study, canopy heights extracted from both airborne and spaceborne LiDAR, were first extrapolated from available environmental data. The estimated canopy height maps using random forest (RF) regression from the airborne or GLAS calibration datasets showed similar precisions (RMSE better than 6.5 m). In order to improve the precision of the canopy height estimates regression-kriging (kriging of RF regression residuals) was used. Results indicated an improvement in the RMSE (decrease from 6.5 to 4.2 m) for the regression-kriging maps from the GLAS dataset, and from 5.8 to 1.8 m for the regressionkriging map from the airborne LiDAR dataset.
ABSTRACT
LiDAR remote sensing has been shown to be a good technique for the estimation of forest parameters such as canopy heights and aboveground biomass. Whilst airborne LiDAR data are in general very dense but only available over small areas due to the cost of their acquisition, spaceborne LiDAR data acquired from the Geoscience Laser Altimeter System (GLAS) have a coarser acquisition density associated with a global cover. It is therefore valuable to analyze the integration relevance of canopy heights estimated from LiDAR sensors with ancillary data such as geological, meteorological, and phenological variables in order to propose a forest canopy height map with good precision and high spatial resolution. In this study, canopy heights extracted from both airborne and spaceborne LiDAR, were first extrapolated from available environmental data. The estimated canopy height maps using random forest (RF) regression from the airborne or GLAS calibration datasets showed similar precisions (RMSE better than 6.5 m). In order to improve the precision of the canopy height estimates regression-kriging (kriging of RF regression residuals) was used. Results indicated an improvement in the RMSE (decrease from 6.5 to 4.2 m) for the regression-kriging maps from the GLAS dataset, and from 5.8 to 1.8 m for the regressionkriging map from the airborne LiDAR dataset.
INTRODUCTION
Global warming and climate change attract significant attention in the quantification of the standing above ground biomass (AGB) over the last few decades. Not only to understand its effects on the global carbon cycle but to mitigate the effects of the global warming via the conservation of carbon sinks. Currently, existing AGB estimation methods from remote sensing data are either limited in terms of their sensitivity to high AGB levels (sensor saturation at certain biomass levels using mainly radar and optical data) or in terms of their spatial coverage (limited horizontal coverage using LiDAR data). Within such constraints, most research studies focuses on allometric relations for linking the characteristics of a forest (tree height, diameter at breast height, wood density) to its biomass (e.g. [1] [2] [3] ), either at the tree level, or the plot level (plot aggregate allometries). However, one of the important variables in the allometric relations which can be estimated from remote sensing techniques is the tree height. Several allometries relied on only the canopy height for biomass estimation (e.g. [1] ; [3] ). In addition, studies have shown that the use of canopy height increases the precision of the biomass estimation (e.g. [2] ; [4] ). Currently the best technique for canopy height estimation using remote sensing is based on the use of LiDAR technology. Many studies used airborne or spaceborne LiDAR for the estimation of forest canopy heights (e.g. [5] [6] [7] [8] [9] [10] ). While canopy height estimation using airborne LiDAR data can be very precise (RMSE better than 2 m, [11] ), spaceborne LiDAR has a lower precision on the canopy height estimation ranging between 2 m and 10 m depending on the characteristics of the forest (e.g. [6] ; [9] [10] ; [12] [13] [14] ). However, airborne LiDAR is limited in the horizontal domain (limited spatial coverage for airborne data and limited acquisition density for satellite data) whereas spaceborne LiDAR provides global coverage of waveform data, but with a relatively low point density (about 0.51 points/km2 over French Guiana for example) and inhomogeneous spatial sampling (sampling lines along satellite tracks). Therefore, merging LiDAR data (spaceborne or/and airborne) with other data source is essenatial in order to create forest canopy heights with complete land coverage and a good precision (e.g. [9] ; [15] [16] ). In the present study, airborne and spaceborne LiDAR canopy height estimates in combination to ancillary data were used to create a canopy height map at a 250 m resolution covering the entire French Guiana. The LiDAR canopy height datasets used were airborne LiDAR canopy height estimates covering 4/5 of French Guiana, as well as canopy height estimates from the ICESat/GLAS satellite waveforms. For the ancillary datasets, globally available datasets of vegetation indices, precipitation, topography, geological, and forest landscape types were selected. In addition, as evidenced by [15] on the correlation between the sampling strategy and the precision on the canopy heights, the effects of the reference canopy height estimate datasets spatial sampling on the canopy height maps created in this study were analyzed. Finally, all the created maps were validated using a unique and independent dataset of airborne LiDAR canopy heights estimates.
STUDY AREA AND DATASETS

Study Site
French Guiana is located on the northern coast of the South American continent (Figure 1 ). The study site features almost 96% forested areas of its total area of 83,534 km 2 . The forest is mostly old growth rainforest and vegetation types are of natural or anthropogenic origin (forests, swamps, savannas and agricultural crops). French Guiana's terrain is mostly low lying rising occasionally to small hills and low latitude mountains. Altitude range between 0 and 851 m and 67.8% of the slopes are below 5 o .
Datasets
The methodology in this study is based on the merging of LiDAR canopy height estimates (airborne (LD) and spaceborne) with ancillary data. The spaceborne LiDAR dataset corresponds to data acquired by the GLAS sensor with a density of 0.51 points/km². The canopy heights produced from this dataset showed a precision of 3.6 m [17] . The airborne LiDAR data (LD) corresponds to data acquired in 1996 over almost 80% of the total study area with a point density of 1.19 points/km² and a precision on the canopy height estimates of about 1.5 m in comparison to a high density LiDAR dataset (HD) [17] . Finally, the ancillary maps are a geological map (GEO), a forest landscape type map (LT), maps derived from the shuttle topography mission (SRTM) data (slope, terrain surface roughness (Rug), and drain map (ln_drain)), mean rainfall map from the past 10 years derived from data provided by the NASA tropical rainfall measuring mission (Rain), and three maps derived from Enhanced vegetation index (EVI). These maps represent the minimum EVI value from the last 10 years (EVI_MIN), the average EVI value (EVI_AVG), and the maximum EVI value (EVI_MAX). 
METHODOLOGY AND RESULTS
To create the canopy height maps, the predictor variables (ancillary data) that best explained the canopy heights were firstly chosen. Two reference LiDAR canopy height datasets were tested separately: the GLAS dataset, and the airborne dataset (LD). Results showed that the variables that explained best the canopy heights were the same for all the canopy height reference datasets. The variables are as follows: The terrain roughness, the mean value of the EVI time series data, the geological map, the mean value of rainfall, and the terrain slope. Next, the RF regression technique was used to model the canopy height estimates using the most relevant predictor variables. A RF regression model was developed for each LiDAR dataset in order to create wall to wall maps over French Guiana. Results showed that all the wallto-wall canopy height maps presented similar precisions regardless of the reference canopy heights used (Figure 2, RMSE about 6 m) . In order to improve the precision of the obtained canopy height maps, the height residuals (reference canopy heights -estimated canopy heights) obtained from each reference LiDAR dataset were kriged. Then each kriged height residual map was added to its corresponding canopy height map obtained from the RF regression model. Results showed an improvement in the precision of the canopy height maps. However, this improvement in the precision varied between the canopy height map using the height residuals from GLAS only (RMSE=4.2 m with regression-kriging, Figure 3 ) and the one obtained using the airborne dataset (RMSE=1.8 m with regression-kriging, Figure  3 ). This difference in precision between the GLAS and LD datasets is due to the point density, and the data point spacing of each dataset. 
CONCLUSIONS
An approach for canopy heights mapping over the tropical forest of French Guiana was presented. It is based on the merging of LiDAR canopy height estimates (airborne and spaceborne) with ancillary data. To create the canopy height maps, the predictor variables (ancillary variables) that best explained the canopy heights were firstly chosen. The best predictor variables happened to be the same for all the canopy height datasets: The roughness, the mean value of the EVI time series data, the geology, the mean value of the annual rainfall, and the terrain slope. RF regressions, which was used to fit the best predictors to the LiDAR canopy height datasets showed moderate canopy height estimation precision when using either airborne or spaceborne LiDAR (RMSE better than 6 m). To improve the precision of the obtained canopy height maps, regression-kriging (RK) was used. The height residuals (reference canopy heights -estimated canopy heights by RF) obtained from each reference LiDAR dataset were kriged and added to the canopy height estimates obtained from RF regressions. An improvement in the precision of the canopy height maps was observed, however, this improvement is positively correlated to the point density of the calibration datasets used. For the GLAS dataset which has a flight line spacing of 30 km, the RMSE on the canopy height estimates was improved to 4.2 m, however, for LD dataset, which has a 0.5 km flight line spacing, the RMSE on canopy height estimates was improved to 1.8 m.
